Four procedures were used to obtain the CO 2 and CH 4 trend and seasonal behaviour. A time-dependent amplitude was considered in the harmonic equation. Similar trends were obtained with the methods employed. Kernel regression stands out among the nonparametric procedures used. a b s t r a c t CO 2 and CH 4 were recorded from October 2010 to February 2016 with a Picarro G1301 analyser at the centre of the upper plateau of the Iberian Peninsula. Large CO 2 values were observed during the vegetation growing season, and were reinforced by the stable boundary layer during the night. Annual CH 4 evolution may be explained by ecosystem activity and by the dispersion linked with the evolution of the boundary layer. Their trends were studied using an equation that considers one polynomial and one harmonic part. The polynomial part revealed an increasing trend from 0.8 to 2.3 ppm year À1 for CO 2 and from 0.004 to 0.011 ppm year À1 for CH 4 . The harmonic part considered four harmonics whose amplitudes were noticeable for the first and second harmonics for CO 2 and for the first harmonic for CH 4 . Long-term evolution was similar with alternative equations. Finally, seasonal study indicated summer minima for both gases, which may be explained by the lack of vegetation in this season. Harmonic analysis showed two maxima for CO 2 , one in spring linked with vegetation growth, which decreased with time, and another in autumn related with the onset of plant activity after the summer, which increased with time. CH 4 presented only one maximum in winter and a short time with steady concentration in spring where the evolution of the boundary layer may play a noticeable role. The harmonic equation, which takes into account all the observations, revealed opposite behaviour between CO 2 , whose minima decreased, and CH 4 , whose maxima increased.
Introduction
CO 2 and CH 4 are trace gases involved in the greenhouse effect whose observations are continuously recorded worldwide (NOAA, 2016; WDCGG, 2016) . Mauna Loa was the site where continuous measurements of atmospheric CO 2 commenced in 1958. Since this year, the number of observatories has increased considerably. In particular, measurements started at certain stations during the nineties. In Europe, Vermeulen et al. (2011) have presented measurements since 1993 at Cabauw in the Netherlands, and Lohila et al. (2015) indicated that CO 2 has been measured since 1998 and CH 4 since 2004 at Sammaltunturi, Finland. In North America, CO 2 observations commenced in 1990 at the top of a 40-m tower at Fraserdale, Canada (Higuchi et al., 2003) . This trace gas has been measured since 1992 on a 610-m tower in North Carolina and since 1994 on a 447-m tower in Wisconsin (Bakwin et al., 1998) . In Asia, Inoue et al. (2006) considered CO 2 recordings from a 200-m tower at Tsukuba, Japan, from 1992. At Minamitorishima station, western North Pacific, these trace gases have been measured since 1993 (Wada et al., 2007) , and CH 4 measurements began at Waliguan, China, in 1994 (Zhang et al., 2013) .
CO 2 natural sources are respiration processes and main anthropogenic sources are combustion of fossil fuels. The global anthropogenic emissions inventory of gaseous and particulate air pollutants, EDGAR, published by the European Commission revealed that the greatest emissions corresponded to China and the USA in 2014. Moreover, the increase in these global emissions almost stalled in that year. Specifically, they decreased from 4.1 to 3.4 billion tonnes between 2000 and 2014 in the European Union (Olivier et al., 2015) . Natural sinks are the uptake by oceans and photosynthesis. As a result, CO 2 atmospheric lifetime is 30e95 years (Jacobson, 2005) . Its distribution over the globe presented concentrations around 400 ppm in the northern hemisphere in 2015, whereas they were slightly lower than this value in the southern hemisphere. Average seasonal evolution showed an accentuated cycle in the northern hemisphere with a maximum in winter-spring and a minimum in AugusteSeptember. Tropospheric CO 2 is increasing, its rate depending on ecosystem evolution and measurement time, since observations indicate an irregular increase following the background concentration evolution (WMO, 2016) . Hence, accurate determination of the CO 2 trend should be obtained, since this also plays a useful role in investigating whether the control strategies for this gas's emissions are correct. Initially, the current analysis takes an expression formed by one polynomial and one harmonic part, the first for the trend and the second part for seasonal behaviour. A specific part of this study is devoted to analysing the harmonic part. Although such an expression is frequently used, its detailed analysis is usually limited to amplitude, which is assumed constant in most of the research undertaken to date (Timokhina et al., 2015) . The inclusion of time in the amplitude of the harmonic function is a major contribution made by the present research and provides a more in-depth analysis of seasonal evolution.
Moreover, alternative procedures such as kernel regression, weighted linear regression and weighted quadratic regression are applied to investigate not only the long-term evolution but also the seasonal cycle, with their features, advantages, and drawbacks being discussed and compared.
CH 4 is another greenhouse gas whose behaviour has been less widely studied to date. Anthropogenic sources are biomass burning, landfills, crops such as rice paddies and fossil fuel production and consumption. Natural sources are wetlands, oceans, geological seeps or enteric fermentation. Its main sink is oxidation by the hydroxyl radical (OH) in the troposphere, which means a lifetime of about 10 years. Its evolution over the globe may be observed from WMO (2016) . In 2015, its concentration was above 1.9 ppm for latitudes higher than 30 N, whereas it was below 1.8 ppm in the southern hemisphere. Seasonal evolution was slightly more accentuated in the Northern Hemisphere, where the maximum was reached in winter and the minimum in summer. Recently, S anchez et al. (2014) investigated its directional behaviour as well as daily and yearly cycles in the upper Spanish plateau, and García et al. (2016) considered the influence of atmospheric stability and transport on its concentrations at the same site. In the current research, CH 4 analysis will run parallel to that of CO 2 .
Materials and methods

Experimental description
CO 2 and CH 4 dry concentrations were measured with a Picarro G1301 at CIBA (Low Atmosphere Research Centre) 41 48 0 50.27 00 N, 4 55 0 58.44 00 W, at 852 m above mean sea level. The measurements considered in this paper began on 15 October 2010 and extended to 29 February 2016. The analyser uses the wavelength-scanned cavity ringdown spectroscopy technique (Crosson, 2008) and achieves the WMO inter-laboratory comparability standard for both gases without drying the sample gas (Chen et al., 2010; Rella, 2010; Rella et al., 2013) . It was equipped with a valve sequencer to obtain observations at 1.8, 3.7 and 8.3 m every 10 min at each level. Around 30 observations were taken each minute, although values were averaged every half an hour. Calibrations made every two weeks with three NOAA standards revealed the extreme stability of the device and were used to slightly correct observations applying the following linear equations (in ppm):
(1)
where the C subscript denotes the corrected value.
Harmonic regression
The CO 2 time series may be considered to comprise three components, the trend component, the seasonal component and the remainder component (Cleveland et al., 1990) . One initial problem concerns the separation between the seasonal cycle and the long-term evolution. Thoning and Tans (1989) introduced a digital filtering technique to achieve this objective. However, simpler alternative procedures have successfully been considered. At Lampedusa, Artuso et al. (2009) used an exponential function to describe the long-term CO 2 trend whose fit is not possible by linear regression. Measurements reveal that this trend is not affected by sharp changes and may be approximated by a linear term (Chamard et al., 2003) , which is usually extended to a polynomial equation.
The current analysis is based on the procedure presented by Nakazawa et al. (1997) , which used an equation with polynomial and harmonic parts similar to
This equation is taken as a reference since it has often been used in similar studies, such as Bakwin et al. (1998) or Fang et al. (2016) . Eneroth et al. (2005) and Inoue et al. (2006) used equations with three harmonics. However, this paper considers four harmonics, in agreement with Tans et al. (1989) and Vermeulen et al. (2011) , although both analyses evidence a linear trend. However, the main contribution of equation (3) is the time affecting the amplitude. In our case, y is CO 2 or CH 4 concentrations and t is the time measured in years.
Equation (3) is proposed to describe the global evolution by the polynomial part and the evolution of the yearly cycle by the harmonic part. First and second harmonics are related with the yearly cycle, since the first harmonic proposes times and values for the yearly maxima and minima and the second corrects or reinforces them. However, the remaining harmonics considered focus on the seasonal pattern. Consequently, shorter time intervals are not taken into account by Eq. (3).
In the case of a slow time variation in the amplitude of each frequency, Eq. (3) may be written as
where amplitude A j (t), period T j and phase constant q j must be determined experimentally. For each frequency j of Eq. (3), the N maxima of the harmonic part are determined, Y j1 … Y jN . The time between consecutive maxima, t jiþ1 -t ji , is one period, resulting in N-1 periods. The average period, T j , may be calculated. Since the phase must be null for every maximum of Eq. (4), the phase constant, q ji , may be obtained from each time t ji corresponding to maxima Y ji . In order to avoid the discontinuity of this angular variable at 0 , q ji should be treated as a vector and its components, cos q ji and sin q ji , should be calculated and averaged to obtain the mean phase constant, q j .
Finally, amplitude is calculated by linear interpolations between consecutive maxima and extrapolations at the edges, before the first maximum and beyond the last maximum.
This is a weighted mean calculated by yðt; hÞ ¼
where t is the time when the concentration y is calculated, y i are experimental values of concentration at t i , h is the width of a window and K is the kernel function. The Gaussian kernel has sometimes been used (Donnelly et al., 2011) , since it includes all observations. However, the extremely long time required to make the calculations when many observations are involved has led to it being replaced by the Epanechnikov kernel,
which was also used in this kind of calculations (Henry et al., 2002) . Only observations t i ranging from t-h to t þ h are considered in this kernel. The procedure followed in this paper was based on Graven et al. (2012) . Observations were first detrended with a wide window, and seasonal cycles were considered by smoothing the detrended observations with a narrow window. Finally, these seasonal cycles were subtracted from the original observations and the resulting series was smoothed again with the initial window. The narrow window was 60 days so as to consider seasonal changes, whereas a test was conducted to choose the wide window with values from 300 to 1000 days in 100-day intervals. Oscillations disappeared with a 500-day window, which was the value selected.
A noticeable feature of this procedure is that only half the observations take part in calculations at the beginning or end of the measurement period.
Other nonparametric procedures
Some local regression methods were suggested by Cleveland (1979) and Cleveland and Devlin (1988) to obtain visual information from a scatterplot.
The tri-cube weight function is usually employed. However, weights are calculated in this paper employing the Epanechnikov kernel to use the same weight function in the procedures presented. Two methods were followed: the first considers a weighted linear regression, y ¼ a 0 þ a 1 t, whose coefficients were easily calculated by
where w i are the weights and t w and y w are obtained from
and the second used a weighted quadratic regression,
where y is the matrix of the response variable, which is the observed concentration, W is the diagonal matrix containing the weights, and the matrices X and b are
Results
Calculations for the harmonic model were made in Matlab since this easily handles multiple linear regressions in addition to which the time employed was short. Its main advantage is that trend calculation and seasonal behaviour analysis are carried out in a single step. The remaining calculations were made in Fortran, with the calculation time being noticeably long for the weighted quadratic regression.
CO 2 and CH 4 variation
Availability of observations was around 84% due to noticeable gaps in August 2013 and 2015, and from August to the end of 2014. CO 2 median concentration was 401.5 ppm for the 1.8-m level, with an interquartile range of 11.9 ppm. For the 8.3-m level, concentration was 0.6 ppm lower and the interquartile range 1.6 ppm narrower. Observations for the lowest level are presented in Fig. 1 (a) where the seasonal pattern is revealed by noticeable values in spring and low values in summer. Large measurements could be explained by plant respiration during the growing season together with the formation of a stable boundary layer during the night. Occasional emissions from vehicles used in farming around the site should not be excluded. However, the low values observed in summer may be attributed to the lack of vegetation in this season.
For CH 4 , median concentration was 1.899 ppm at the lowest level, with an interquartile range of 0.040 ppm, whereas concentration was 0.001 ppm higher with similar interquartile range for the highest level. Its seasonal cycle is much less marked since measurements are located in a very narrow interval, Fig. 1 (b) . The largest values were recorded in winter when soil and plant activities increase due to the rains and the low values of the boundary layer height are also reached. Fig. 2 presents the results of Eqs. (3)e(4) for the lowest level, since the changes are more pronounced for CO 2 than in the other levels. Both gases present an increasing trend with rapid growth over the latter years. The main advantage of this procedure is that the lack of data does not prevent calculations from continuing since this method fills in the gaps.
Harmonic regression
Following those equations, the CO 2 yearly cycle is described by a maximum in spring linked with the development of vegetation activity, which was noticeable in 2011 but moderate in 2015. A second maximum was observed in autumn, which was attributed to soil and plant activities with the first rains after summer. The contribution of this maximum was slight in 2011, but gradually increased and was noticeable in 2015. The CO 2 minimum was reached in summer, when vegetation almost vanishes. Concentration at this time also increased from 2011 to 2015, although the CO 2 hole was deeper in 2015 than in 2011.
The CH 4 yearly cycle was simpler than that for CO 2 . Maxima were observed in winter, whereas minima were found in summer. Moreover, a short period with a steady concentration was observed in spring. In agreement with CO 2 , the increase was faster at the end than at the beginning of the period analysed.
Agreement of Eq. (3) was described by R 2 , which was between 0.14 and 0.28 for CO 2 at the lowest and highest levels, respectively, and around 0.10 for CH 4 . These low values are attributed to the noticeable daily changes of the half hour means that were used.
When daily means are considered, values are steadier and R 2 increases, extending from 0.40 to 0.59 for CO 2 , whereas it remained around 0.30 for CH 4 . Finally, when monthly means are used, R 2 ranged from 0.87 to 0.93 for CO 2 and was around 0.89 for CH 4 . Moreover, Fig. (2) shows the satisfactory agreement between Eqs.
(3) and (4). Fig. 3 shows the four harmonics calculated with Eqs. (3) and (4). Two amplitude groups may be observed. For CO 2 , the first group is formed by the first and second harmonics, whose greatest amplitudes were slightly below 6 ppm. The second group comprises the third and fourth harmonics, with amplitudes reaching around 3 ppm. For CH 4 , the first group is formed by the first harmonic, whose amplitude was around 0.025 ppm, whereas the remaining harmonics make up a second group whose amplitude is around 0.008 ppm at most.
The first harmonic amplitude decreased slightly with time for CO 2 , and increased for the CO 2 second harmonic and from the first to third harmonics of CH 4 . In these cases, Eq. (5) may be simplified by a linear relationship. The remaining harmonics displayed a more complex evolution with a decreasing trend in the amplitude at the beginning of the period considered and an increasing trend at the end, reaching a minimum in 2012. The contribution of the first harmonic is almost time independent for both trace gases, whereas the fourth harmonic was noticeably small for CH 4 in 2012. Fig. 3 reveals that the addition of two harmonic functions, one with constant amplitude and the second whose amplitude changes slowly with time, results in a harmonic function whose amplitude changes slowly with time: hence the satisfactory agreement between the harmonic parts of Eqs. (3) and (4). Fig. 4 presents the evolutions of both trace gases together with their growth rate. CO 2 concentration increased 12.3 ppm during the measurement period for the polynomial part that reveals the trend in Eq. (3). The trend average value was 1.7 ppm year À1 . However, this increase was not regular since at the end of 2010 the growth rate was low, around 0.8 ppm year À1 whilst, contrastingly, the trend reached 2.3 ppm year À1 in early 2016.
Trend analysis
For CH 4 , the increase was 0.059 ppm, with an average of 0.006 ppm year
À1
. Its growth rate began at nearly 0.004 ppm year À1 and finished at 0.011 ppm year
. This polynomial evolution was considered a reference since equations similar to Eq. (3) are frequently used.
Alternative procedures showed a similar evolution. The polynomial model determined the steadiest trend. However, small oscillations were observed when the weighted quadratic regression was used. The greatest discrepancies for CH 4 observed at the beginning and end of the measurement period for this latter method could be attributed to a border effect, since calculations were made with half the observations in the window. The fluctuating behaviour of the weighted quadratic regression was noticeable in the growth rate displayed in the lower plots of this figure and is due to the width of the wide window used, i.e. 500 days, which was considered to compare the procedures in similar conditions. When using a wider window, such as 1000 days, oscillations disappear. Fig. 5 shows the seasonal evolution formed by the harmonic part of Eq. (3) and once the observations were detrended in the other methods. Spring and autumn CO 2 maxima were noticeable in the harmonic equation. However, the summer CO 2 minima decreased markedly with time despite the lack of observations in August from 2013 to 2015. Moreover, winter CH 4 maxima increased with time.
Seasonal evolution for the kernel regression and weighted linear regression were very similar and revealed noticeable discrepancies with the harmonic evolution of both trace gases, mainly during the latter years of the period considered. Oscillation was softer than observed with the harmonic equation for CO 2 , and winter maxima were smaller for CH 4 . However, weighted quadratic regression provided values close to those of the harmonic evolution.
Finally, the harmonic equation provided more regular changes and, in some way, proves less flexible than the other procedures that describe better the changes observed in relatively short times determining an irregular evolution.
Discussion
Observations
The CO 2 evolution presented in Fig. 1 is similar to that observed at different places. The lowest concentration was close to 400 ppm. Similar values were observed at Lin'an, China for the period 2009e2011 (Pu et al., 2014) . However, Hern andez-Paniagua et al. (2015) presented observations at southwest London where the lowest values were smaller, even reaching 350 ppm in the period 2000e2002. Similarly, the lowest values of CO 2 concentration at Cabaw, the Netherlands, were below 380 ppm (Vermeulen et al., 2011) . The highest concentration at CIBA was occasionally above 500 ppm. Zhu and Yoshikawa-Inoue (2015) observed large episodic high CO 2 events during summer on Rishiri Island, western North Pacific, which were attributed to high emissions from local soil and vegetation and the stable nocturnal boundary layer. High values reached in spring at CIBA may have a similar origin, although some might be due to vehicles used in farming. The opposite behaviour was observed at Lin'an, where the highest values were more moderate. CH 4 measured at CIBA was confined at a narrow interval determined by the interquartile range, 0.040 ppm. Although the lowest values were similar to those observed at Cabaw, they were mainly located over a wider interval during the period 2000e2010.
Trend analysis
The range of trends presented in Table 1 is very wide since it extends 2.5 ppm year
À1
. Wu et al. (2012) obtained the same value as that observed at CIBA, 1.7 ppm year À1 , which is close to the global average of the last decade, nearly 2.1 ppm year À1 (WMO, 2016) . This trend was similar in Mauna Loa, where it has been above 2.0 ppm year À1 in recent years (Hofmann et al., 2009) . The increase at the beginning of the measurement period was smaller than values presented in Table 1 , whose lowest trend was 1.3 ppm year À1 at a site in Antarctica. However, at the end of the measurement period the trend was similar to Egham, UK, or Pallas, Finland, although far from the highest, which was 3.8 ppm year À1 , observed in China.
Since interactions between natural and anthropogenic processes are complex, positive feedback in the biosphere determines the CO 2 increase. Among global scope processes, El Niño-Southern Oscillation is correlated with variations in the CO 2 growth rate (Heimann and Reichstein, 2008; Ruzmaikin et al., 2012) . Moreover, different studies reveal that CO 2 uptake by terrestrial ecosystems (carbon sink) influences atmospheric CO 2 concentrations. Ahlstr€ om et al. (2015) concluded that semi-arid ecosystems dominate the trend and inter-annual variability of the sink. The role of winter snow in the northern forest merits further research since the decrease in winter respiration justifies the carbon sink enhancement (Yu et al., 2016) . Additionally, observations over the last sixty years indicate that CO 2 uptake is stimulated during spring, while an earlier release of CO 2 into the atmosphere was observed in autumn at latitudes above 45 N (Barichivich et al., 2013) . Finally, uncertainties remain in the magnitude and sign of CO 2 sink trends , and future studies should consider the effects of nonlinear interactions of dominant drivers on the trend of land carbon uptake (Zhang et al., 2016) . WMO (2016) presented growth rates for CH 4 in the range 0.005e0.010 ppm year À1 in recent years, which might partially be explained by the global impact of the increase in anthropogenic emissions in Asia (Dalsøren et al., 2016 , was observed at Hegyh ats al, Hungary, although it corresponded to a short period, 2007e2009.
Increased emissions in the tropical and mid-latitude Northern Hemisphere are considered to be responsible for the CH 4 increase since 2007 (Nisbet et al., 2014) , which may be explained by the increase in emissions from natural wetlands, fossil fuel-related emissions or the decrease in OH concentrations (Sussmann et al., 2012) . Moreover, the current network does not allow a description of emissions by region and source processes and attributing this increase to natural and anthropogenic sources is not easy since emissions from both sources are superimposed (Bergamaschi et al., 2013) . Additionally, the global scale of different processes should not be ignored. Ginzburg et al. (2011) considered the influence of the winter of 2006e2007, which was anomalously warm in northern Europe and western Siberia, on the CH 4 increase recorded in 2007. Similarly, anthropogenic emissions in Asia seem to have a global impact although their timing or strength has been questioned (Dalsøren et al., 2016) . Wu et al. (2012) considered only one harmonic with a variable amplitude to investigate CO 2 evolution in a tall forest in China, this reaching an increase in the seasonal cycle of 0.58 ppm year À1 and which was explained from measurements at Mauna Loa, Hawaii, by the biosphere's seasonal CO 2 "inhalations" and "exhalations" that have become more pronounced. Moreover, Arctic Oscillation led to an early spring and to higher winter temperatures, resulting in increased seasonal amplitudes. Liu et al. (2015) presented CO 2 evolution over nine ecosystems in the period 1997e2006. They used only one harmonic with a variable amplitude. Concentrations seemed steady in three of them. Amplitude remained steady or increased slightly in four ecosystems, increasing clearly in three and decreasing in one. The amplitude in the last ecosystem first decreased, although it then increased after one very low value.
Seasonal cycle
The yearly behaviour for CO 2 described in Fig. 5 responds to the average seasonal cycle from WMO (2016). However, spring and autumn maxima are more marked in Fig. 5 since this plot corresponds to a specific site. Moreover, this figure is in agreement with that reported by Cundari et al. (1995) , who presented the seasonal evolution in 1989 at Mt. Cimone, although the spring maximum was barely visible and a noticeable scatter of measurements was observed in summer. Such a cycle with two maxima was also described by Hatakka et al. (2003) for CO 2 concentration at Pallas, Finland, from 1997 to 2003.
Climate-vegetation-carbon cycle feedback is noticeable above 40 N. The seasonal CO 2 cycle has become more marked since the 1960s although the underlying mechanisms are not yet fully known (Forkel et al., 2016) . The decreasing summer minima could be attributed to an increase in vegetation photosynthetic activity during the growing season (Angert et al., 2005) . Similarly, Barichivich et al. (2013) concluded that the long term increase in the amplitude of the CO 2 annual cycle above 45 N over Eurasia is associated with the lengthening and intensification of the photosynthetic growing season.
A similar evolution to that observed for CH 4 at CIBA was reported by Pickers and Manning (2015) at the Alert Station in Canada and by Vermeulen et al. (2011) at Cabaw in the Netherlands where, in addition, a steady concentration was observed in spring. Although oxidation by OH contributes to the minimum obtained in summer, dispersive processes linked with the development of the boundary layer should not be ignored. Since observations of this variable are not available, the temperature at Valladolid, obtained from AEMET (2016), may be used instead. In winter, temperature is low and the boundary layer is barely developed, causing high concentration values. In summer, thermal turbulence was intense and produced well developed boundary layers, with low concentrations being observed. Temperature decrease from summer to winter is rapid. However, the temperature increase from winter to summer presents a period with steady values in spring, which may be linked to intermediate boundary layer heights and steady concentrations. However, in Waliguan, China, the annual pattern was the opposite, with one minimum in spring and winter and one maximum in summer. This specific evolution may be explained by regional and local sources together with the dominant airflow from polluted regions in summer (Zhang et al., 2013) .
Conclusions
Amplitudes of the first and second harmonics are noticeable for CO 2 , whereas only the first harmonic is enough for CH 4 . These amplitudes present a linear evolution with time in the period October 2010eFebruary 2016.
Trend calculation shows slight differences following the procedure used. Although the addition of polynomial and harmonic parts is common, alternative methods, such as kernel regression, may be successfully employed.
Trend increased for both trace gases with the different procedures used. However, seasonal analysis with the harmonic equation revealed an unequal trend for both gases, with minima decreasing for CO 2 and maxima increasing for CH 4 . This behaviour may be because all observations are considered, whereas the rest of the methods used only local neighbouring observations when calculating.
Since small changes are observed not only in the trend but also in the yearly cycle of both trace gases, procedure selection should be guided by the simplicity of the formulation and by calculation speed. Taking into account these features, kernel regression provides fast and accurate values to determine the evolution of both trace gases for the trend and inside the yearly cycle.
Although the analysis presented in the current paper involved concentrations recorded at a semi-natural site, the influence of air mass trajectories on concentrations and their trends should be considered for a more accurate description of the evolution of both trace gases.
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